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 Due to the large band gap of β-Ga2O3 and recent improvements toward high 
quality native substrates and the ability to shallow dope epitaxial β-Ga2O3 it is an 
attractive material for applications in power electronic devices.  Such devices require 
advances in the areas of thin film growth and carrier concentration control to deliver high 
mobility films appropriate for the device structures. Transmission electron microscopy 
(TEM) analysis can provide information concerning doping, crystal structure, and 
internal strain which will be valuable to assess the role of defects and impurities on the 
transport properties for feedback to optimize the bulk and epitaxial growth processes. 
           The objective of this work is to fabricate high-quality TEM specimens with the 
help of dual-beam Focused Ion Beam/Scanning Electron Microscopy (FIB/SEM) to study 
the quality of Si-doped β-Ga2O3 homoepitaxial films grown by pulsed laser deposition 
and to analyze the nanoscale features in the films. Final thinning procedures were 
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Chapter 1.  Introduction 
1.1. Motivation 
 Power electronic devices are used to convert, control, and process electric power 
in a broad application spectrum. These include DC and AC power supplies, flexible ac 
transmission systems, photovoltaic and fuel cell power conversion, high-frequency (HF) 
heating, and motor drives, etc. On one hand, with the development of renewable and 
clean energies, high-efficiency power electronics play an important role in renewable 
energy systems, bulk utility energy storage, and electric and hybrid vehicles. On the other 
hand, semiconductor switches are a key element in miniaturization of electronics.  
Researchers look for ways to make switches small, fast, efficient, and inexpensive.  High 
power electronics will be beneficial for defense applications, wireless infrastructure, and 
broadcast/communication satellites.  
 As structures become smaller and smaller, materials will be a key source for 
advancements not only in device size reduction but also in achieving high-performance 
applications.  Table 1 summarizes material properties of major semiconductor materials 
[1], and Figure 1 presents the power-frequency diagram of these materials showing their 
application space [2]. It is seen that Si based power electronics are losing the capability to 






Table 1.  Material Properties of Major Semiconductors [1]   
Figure 1.  Power-frequency diagram of the application space for several major 






for their potentials of reduced energy loss, small system size, high power density, high          
switching frequencies, high operational temperatures, and low material/system cost.   
 SiC and GaN have wide bandgaps of 3.3 and 4.4 eV, respectively. SiC and GaN 
power device performances exceed Si based devices. However, production of SiC and 
GaN wafers are difficult and expensive. Gallium oxide (β-Ga2O3) is emerging as an ultra-
wide bandgap (~4.8 eV) material with an expected critical breakdown field of ~8 MV/cm 
[3]. These outstanding properties make Ga2O3 power electronics more attractive, 
allowing its applications at high temperature, high voltage, high current density and high 
frequency. Although the device technology is still at a primitive stage, transistors and 
diodes with simple structures have been developed and have verified its great potential 
for power electronics.  
In addition to high power device applications, intrinsic Ga2O3 has a high dielectric 
constant which is utilized in III-IV based field effect transistors. Doped β-Ga2O3 is 
transparent but electrically conducting, hence, has the potential for applications in solar 
cells, substrates for GaN LEDs, and solar-blind photodetectors. The conductivity is 
sensitive to the oxygen partial pressure, making it a good gas sensor.       
1.2.   Gallium Oxide: Structure and Physical Properties  
1.2.1. Crystal Structure 
 Gallium oxides have five different polymorphs, i.e., , , , ,  which have 
rhombohedral, monoclinic, cubic, body-centered cubic, and orthorhombic structures, 




and well-studied. All other phases are metastable and will transform into the β-phase at 
temperatures above 750-900 oC [4] [5] [6]. 
 Figure 2 shows the unit cell, the lattice view, and projection along each axis of β-
Ga2O3 structure.  β-Ga2O3 has a monoclinic crystal structure with a space group of C2/m 
that contains four Ga2O3 units.  Unit cell lattice constants are a = 12.214 Å, b = 3.0371 Å, 
and c = 5.7981 Å with axis angles α = 90⁰, β = 103.83⁰, and γ = 90⁰ [7].  β-Ga2O3 has two 
strong cleavage planes, (100) and (001) which have different surface termination as seen 
in Figure 2 (b). The [010] direction is parallel to both cleavage planes [8]. 
In the structure, there are two crystallographically inequivalent Ga3+ positions, 
Ga(I) and Ga(II), and three inequivalent O2- positions, O(I), O(II), and O(III) [9]. As seen 
in Figure 2(b), Ga(I) is surrounded by four O2- with a tetrahedral geometry and Ga (II) is 
surrounded by six O2- with octahedral geometry.  The octahedra share edges to form 
double chains parallel to the b axis and also share corners with the tetrahedra. The view 








Figure 2. Illustrations of β-Ga2O3 crystal structure. (a) The unit cell [1]; (b) the lattice 
viewed along the (010) direction. The labels “A” and “B” as well as the dashed line show 
the (100) and (001) planes, respectively [10]; (c) Projection of the unit cell along the c-
axis (1), a-axis (2) and b-axis (c). [11] 
 
1.2.2. Some Basic Properties 
 The density of β-Ga2O3 is 5.95g/cm




 β-Ga2O3 is a poor thermal conductor compared to other semiconductor materials. 
The thermal conductivity of β-Ga2O3 is anisotropic in nature.  Guo et al. [12] evaluated 
the thermal conductivity along four different crystal directions [010], [100], [001], [2̅01] 
from 80 to 495 K. The highest thermal conductivity occurred in the [010] direction at 
0.27 Wcm-1K-1 and the lowest in the [100] direction at 0.11 Wcm-1K-1. The thermal 
conductivity of β-Ga2O3 is about one half of sapphire (in [100] direction) and one order 
of magnitude lower than that of GaN. The low thermal conductivity is a weak point for 
power device applications. 
 Pure stoichiometric β-Ga2O3 is colorless and highly transparent up to the UV 
range with a refractive index around 1.92-1.95 at 532 nm. Its absorption spectra typically 
exhibit an edge around 255-260 nm with a shoulder around 270 nm. The absorption edge 
originates from the transition between valence and conduction band. If the valence band 
is perturbed by Ga3+ vacancies the 270 nm shoulder appears [13].  β-Ga2O3 can have up 
to three different emissions, UV (3.2-3.6 eV), blue (2.8-3.0 eV), and green (2.4 eV). The 
UV band is independent of impurities, attributed to the recombination of free electrons 
and self-trapped holes. The blue band is associated with oxygen vacancies. The green 
band is caused by impurity dopants [14].     
 The conduction band minimum in β-Ga2O3 is located at the  point and the 
valence band is almost flat. Due to the small dispersion of the valence band, the exact 
location of the valence band maximum and value of bandgap are varied from 4.5-4.9 eV 
in different computational reports [15]. The weakness of the indirect transitions and the 




direct-gap material. Experimental research determined that the indirect band gap of 4.85 
eV [16]. 
 Pure β-Ga2O3 is an insulator with a high dielectric constant of 9.9-10.2. Lorenz et 
al. [17] found that material grown in oxidizing conditions produced insulating crystals 
with a resistivity of 106 Ω-cm and an electron mobility around 300 cm2V-1s-1 and material 
grown in reducing conditions produced conducting crystals which may have electron 
concentrations of 1018 cm-3 and an electron mobility of about 80 cm2V-1s-1 [17]. 
1.3. Fabrication of β-Gallium Oxide Bulk Substrate and Thin 
Film   
 Microelectronic applications require high standards for material quality and 
purity. Size, doping control and crystal quality are required for device applications.  
1.3.1. Fabrication of Single Crystal Substrate 
 Progress in growing large substrates is one factor enhancing interest in the use of 
β-Ga2O3 for power electronics. Figure 3 shows the commercialized bulk substrates and 
status of available sizes.  The availability of native substrates typically results in higher 
quality epitaxial films.  
 Melt growth is the most common technology to produce single crystals of various 
materials due to its performance in terms of growth rate, scalability, and crystal quality.  
Bulk Ga2O3 substrates have been fabricated by Czochralski [8] [18], floating-zone [19] 





Figure 3. Available bulk Ga2O3 substrates and their status [2] 
1.3.1.1. Czochralski (CZ) Growth 
 Czochralski growth, also known as crystal pulling, was well established to grow 
semiconductor crystals (Si and Ge) by the mid-1950s. Presently, it has become the 
method of choice for the growth and production of many bulk oxide materials. The 
method is based on pulling of a single crystal ingot from a metal in a crucible. β-Ga2O3 
melts at about 1800 ⁰C but decomposition of β-Ga2O3 into volatile species occurs starting 
at 1200 oC [8]. For a CZ growth study it was reported that this decomposition could be 
controlled using a dynamic growth atmosphere of a mixture of 90% Ar and 10% CO2 
[19]. Another CZ growth study used 100% Ar atmosphere (1 bar) and found that oxygen 
partial pressure increased at temperatures above 1400 ⁰C due to the release of oxygen 
during decomposition.  It was also found that atmospheres of pure CO2 combined with 
overpressure (7 bar) effectively controlled β-Ga2O3 decomposition [8]. The size of CZ 
grown Ga2O3 steadily increased to a diameter of 75 mm in 2014. A crystal of 2 inches in 




1.3.1.2. Floating Zone (FZ) Method         
 A ceramic rod is placed in an optical image furnace. The rod is locally melted by 
the focused light flux and the liquid (floating zone) can progress along the rod via 
moving the optical mirror or the ceramic rod. The melting-solidifying transformation 
results in the single crystal growth. This technique has attracted much interest in growing 
nonconventional oxides including Ga2O3. The feed Ga2O3 rod is usually prepared by 
isostatic pressed powders followed by high temperature sintering. The growth 
environment can be pure oxygen, dry air, controlled O2/N2 mixture. Typical FZ growth 
rate is 5-15 mm/hr.  An important advantage of the FZ method is that a crucible is not 
required. However, the size of the product is usually small (up to 25 mm in diameter and 
500 mm in length) [6] [19] [20].      
1.3.1.3. Edge Defined Film Fed Growth (EFG) 
 EFG uses a die to precisely control the shape and dimensions of the crystal ingot, 
which eliminates post machining processing [21] [22]. Ribbons, rods, fibers, or tubes 
have been produced. Currently, (010) and (100) EFG substrates up to 2 inch in diameter 
are commercially available by the Tamura company. The schematic of an EFG furnace is 
shown in Figure 4 along with an as-grown β-Ga2O3 single crystal ribbon. Melted material 
is pulled into the die by capillary action where it contacts the seed crystal attached to the 





Figure 4. (a) Schematic of an EFG furnace (b) an as-grown β-Ga2O3 single crystal ribbon 
[21] 
 
1.3.2. Fabrication of Thin Films  
         Thin films can be deposited on native (Ga2O3) or foreign (Al2O3, Si, BaTiO3, MgO, 
etc.) substrates by various methods such as wet chemical deposition [23], magnetron 
sputtering [24], chemical vapor deposition [25] [26], atomic layer deposition [27], 
molecular beam epitaxy [28] [29] and pulsed laser deposition [30], etc.   
1.3.2.1. Wet Chemical Methods 
 The wet chemical deposition can be spraying, spray pyrolysis, mist vapor 
deposition, or sol-gel etc.  The advantages of solution deposition route are simple 
equipment, low temperature process, large area coverage, and high throughput, but 




1.3.2.2. Chemical Vapor Deposition (CVD) 
 CVD results from the direct chemical reaction of gaseous precursor(s) on a heated 
substrate to yield a film deposition. In CVD, the vapor phased precursors can be GaCl3, 
GaCl, or metal-organic chemicals like Ga(CH3)3 (TMG) and Ga(C2H5)3 (TEG). 
Oxidizing agents can be oxygen, nitrous oxide, and water. (6Stepanov 2016) 
1.3.2.3. Atomic layer deposition (ALD) 
  ALD is similar to CVD except that precursor gases are individually cycled rather 
than being continuously delivered together.  Precursors are delivered separately so that 
the reaction at the surface will be self-limiting and deposit a single layer with each cycle. 
ALD was demonstrated using TMG and a variety of oxygen precursors resulting in a 
growth rate of < 0.52 Å/cycle at 200-375 ⁰C. Films were amorphous with properties 
similar to bulk Ga2O3 [32].  
1.3.2.4. Molecular Beam Epitaxy (MBE) 
 MBE growth is an atomic layer crystal growth based on reaction of molecular or 
atomic beams with a heated crystalline substrate at an ultra-high vacuum environment. In 
MBE growth of Ga2O3, RF plasma or ozone has been utilized as pure oxygen was 
insufficient. A typical temperature range is 600-900 oC. Lower temperatures were 






1.3.2.5. Pulsed Laser Deposition (PLD)  
 PLD is a deposition technique where a high-power laser is focused on a target 
made of material that is to be deposited [34] [35] [36].  An important advantage of PLD 
is the stoichiometric transfer of material from a solid source.  High powered laser pulses 
melt, evaporate and ionize material (ablate material) from the target surface producing a 
plasma plume that expands away from the target surface.  A thin film is deposited on to a 
heated substrate from the plasma plume.  The laser is external to the chamber and the 
atmosphere in the chamber can be either a vacuum or a background gas. An external laser 
energy source allows growth parameters to be easily changed so that many different 
growth conditions can be evaluated.  Nucleation and growth of the film are affected by 
laser parameters (repetition rate and energy), chamber pressure, gas composition, 
substrate temperature, and target-substrate distance.   
 In the past when native substrates were not available, PLD Ga2O3 films were 
grown on silica glass [16], (0001) sapphire [37] [38], (111) plane yttria-stabilized 
zirconia [38] and various results were obtained ranging from polycrystalline films, 
nonconductive films, crystalline films of different Ga2O3 polymorphs, and crystalline β-
Ga2O3 films.  Many critical parameters were identified and it was found that tuning the 
atmosphere and substrate temperature are very important in PLD. Growth at too high or 
too low temperatures resulted in a breakdown in crystallinity [16] [37] [39] [40]. 
Temperatures that were only slightly high resulted in the growth of a less conductive 
Ga2O3 polymorphs [37] [38].  Increasing the oxygen pressure from 10
-5 or 10-6 Pa range 
to 10-3 or 10-4 Pa resulted in a decrease in conductivity [16] [38] [39].  There is a 




pressure decreases as temperature decreases [39]. Crystalline films of (2̅01) β-Ga2O3 on 
(0001) sapphire were first achieved by Orita in 2002 [37]. 
 In 2017 Leedy et al. [30] carried out a study where β-Ga2O3 films were deposited 
on (0001) sapphire and (010) β-Ga2O3 substrates at the same time. Homoepitaxially 
grown films had higher crystalline quality, a smoother surface, and were more conductive 
than films deposited on sapphire.  Films on sapphire were (201̅) β-Ga2O3 while the 
homoepitaxially grown films maintained the (010) β-Ga2O3 structure of the substrate. It is 
interesting to note that this does not really correlate with the anisotropic electrical 
properties mentioned previously.         
1.4. Defects in Gallium Oxide and Electrical Properties 
In Ga2O3, oxygen vacancy, Schottky pair, Frenkel pair, impurity interstitial and 
impurity substitutional have been found. These point defects play a major role in 
electrical properties of Ga2O3. 
1.4.1. Intrinsic Defects 
 In 1966, Lorenz et al. [17] determined that β-Ga2O3 grown in reducing conditions 
produced conducting crystals with electron concentrations of 1018 cm-3 and an electron 
mobility of about 80 cm2V-1cm-1. They observed that conducting crystals became 
insulating when annealed at high temperatures in an oxygen atmosphere. Based on the 
strong relationship between electronic conductivity and oxygen partial pressure, the 
electronic conductivity was attributed to the anion vacancy [17].  The conduction 
mechanisms for β-Ga2O3 were not well understood and researchers continued to find 












 + 2𝑒′                                           (1) 
where 𝑂𝑜
𝑋 represents an occupied oxygen lattice site and 𝑉𝑜
•• indicates two electrons are 
available to carry current. Lovejoy et al. [43] reported that the formation energy for an 
oxygen vacancy and a Ga vacancy are 0.71 eV and 0.28-0.49 eV, respectively.  Hence the 
formation energy suggested that Schottky defects are not favorable. Frenkel defects were 
found more preferential in Ga2O3. Further, Varley et al. [44] used hybrid density 
functional theory calculations to study formation energies and charge state transition 
levels for oxygen vacancies.  The results did not agree with the anion vacancy model. 
1.4.2. Un-Intentional Doping (UID) 
 Varley et al. [44] based on their computational results, submitted that the n-type 
behavior observed in β-Ga2O3 could be due to any dopants unintentionally introduced 
during the thin film growth or from substrates. These dopants include hydrogen 
impurities (substitutional and interstitial), as well as Si, Ge, and Sn substituting on a Ga 
site and F and Cl on an O site. All of these impurities were shallow donors that could 
contribute to the n-type conductivity [44]. Villora et al [45] reported that the 4N material 
had 1-3 x 1018 cm-3 and the 6N had 1016 to 1017 cm-3 and concluded that commercially 
available powders could be considered effectively Si doped.  
   Recent results tend to support the UID concepts. Nguyen et al. [46] observed the 
effects of a high temperature N2 annealing on UID β-Ga2O3 substrates and found that 
activation of the donor impurity reduces the donor activation energy. They suggest this 




identify polar optical phonon scattering as the dominant mechanism limiting electron 
mobility in β-Ga2O3  to < 200 cm
2V-1s-1   at 300 K for donor doping densities lower than 
~1018 cm-3 (47Ma 2016). A 5N grade source material has been found to produce n-type 
unintentionally doped (UID) β-Ga2O3 due to residual Si impurity that corresponded to an 
atomic concentration of 2.5 x 1017 cm-3 [22].  
1.4.3. Intentional Doping to Control Carrier Concentration 
Achieving adequate and controlled carrier concentration is necessary for high 
power device production.  Intentionally doping with aliovalent elements can effectively 
control the electrical conductivity and carrier concentration. Group IV elements, i.e. Si, 
Ge and Sn can substitute the Ga site. Si and Ge prefer the Ga (I) tetrahedral site, while Sn 
tends to take the Ga (II) octahedral site. Group VII elements such as F or Cl can 
substitute O (I) the three-fold lattice site [44].  
 Carrier concentrations from 1016 to 1020 cm-3 have been achieved in films grown 
by MBE doping with Sn and Ge [33] [29], by metal organic vapor phase epitaxy 
(MOVPE) doping with Sn and Si [25] [26], by metal organic chemical vapor deposition 
(MOCVD) doping with Sn [48], by PLD doping with Si [30], and by low pressure 
chemical vapor deposition (LPCVD) doping with Si [49].  
The electrical conductivity, σ, depends on the electron charge, e, the carrier 
concentration, n, and the mobility, μ, in the relationship σ = enμ. Villora et al. [45] 
produced bulk Si doped Ga2O3 with Si concentration 10
16-1018 per cm3. They found that 
the electrical conductivity of FZ crystals continuously increased from 0.03 Scm-1 for 6N 




conductivity increased by over three orders of magnitude although the mobility fluctuates 
around the typical value of 100 cm2V-1s-1. It was noted that Si incorporation saturates at 
about 0.2 mol % when second phase segregation appears.   
 
Figure 5. Electrical conductivity as a function of nominal Si concentration. The arrow 
indicates a systematic increase [45] 
 
 
 Baldini et al. [26] achieved a mobility of 50 cm2V-1s-1 and a concentration of 8 x 
1019 cm-3 in Si doped β-Ga2O3 grown by MOPVE.  Rafique et al.[49] achieved a mobility 
of 72 cm2V-1s-1 and a concentration of 1.2 x 1018 cm-3 in Si doped  (010) β-Ga2O3 grown 
by LPCVD and a mobility of 42 cm2V-1s-1 and a concentration of 9.5 x 1017 cm-3 in Si 
doped  (001) β-Ga2O3 grown by LPCVD.  Leedy et al. [50] plotted mobility vs. carrier 
concentration of homoepitaxial β-Ga2O3 films deposited on (010) substrates using 




mobility and concentration largely independent of the deposition technique and dopant 
(see Figure 6).  
 
Figure 6.  Mobility vs. carrier concentration of homoepitaxial β-Ga2O3 films deposited 
on (010) substrates using different deposition techniques and dopants [50] 
 
 Binet et al. [51] carried out a study of the relationship between the electron band 
structure and the magnetic bistability of conduction electrons in β-Ga2O3 and found a 
strong anisotropy of the conduction band.  They suggested that the conductivity should 
also be anisotropic with high conductivity along the b axis. A study by Ueda et al. [52]  
reported the anisotropic conductivity when it was determined that Sn-doped β-Ga2O3 had 
conductivity and mobility along the b and c axes of 38 Ω-1cm-1 and 46 cm2V-1s-1 and  2.2 
Ω-1cm-1 and 2.6 cm2V-1s-1, respectively.  Ahmadi et al. [29] achieved a mobility of 39 




 According to theoretical calculations, p-type Ga2O3 is impossible due to the 
strong self-localization of the electron holes which have very low mobility in the order of 
10-6 cm2/Vs at room temperature. For instance, Mg-doped Ga2O3 exhibited a semi-
insulating to insulating behavior. High Mg doping changes the bandgap of the films 
monotonously, which was attributed to the formation of MgO-Ga2O3 alloy [53]. 
1.5. Successful Device Fabrication 
 The sources of the electrical properties of β-Ga2O3 are not well understood, 
however, the process parameters that affect them continue to guide the development of 
native substrates and thin films necessary for device development.   
 With the advancements being made in the quality of homoepitaxial films and 
control of electrical characteristics, contacts and various devices have been realized.       
β-Ga2O3 films grown by MBE were implanted with Si ions to fabricate low resistance 
ohmic contacts [54] and field effect transistors [55] [56]. Field effect transistors were 
fabricated with MBE Sn-doped Ga2O3 films [3] [57] [48] and with MOPVE Sn-doped 
Ga2O3 films [58] [59].   
1.6 Objective of This Research 
β-Ga2O3 based devices will likely be important in attaining the ability to make 
solid state high power electronics.  Growth process strategies and characterization of 
epitaxial films have been and will continue to be important areas of study. Research is 




The ability to make high quality β-Ga2O3 substrate material is an important step for 
producing low defect epitaxial films of β-Ga2O3.  
  Developing the ability to grow higher quality, larger substrates that have specific 
electrical properties has provided some insight into important factors for growth of films 
with controlled electrical properties.  The main objective of this project was to carry out 
Transmission Electron Microscopy (TEM) analysis of Si doped β-Ga2O3 thin films grown 
by PLD on native semi insulating Fe compensated (010) β-Ga2O3 substrates with the 
purpose of corroborating characteristics determined by other methods and to shed new 
light on film characteristics.  A preliminary goal was to produce TEM foils made by 
focused ion beam (FIB) milling using a dual beam FIB/SEM system with an in-situ lift-
out technique and to remove damage produced by this process that inhibits the TEM 












Chapter 2. Principles of Transmission Electron 
Microscopy (TEM) and Focused Ion Beam Microscopy 
2.1. TEM Imaging 
Transmission electron microscopy (TEM) is a crucial characterization instrument 
to investigate the structure of materials at nanometer to atomic scale resolution. The first 
transmission electron microscopes were pioneered by Ruska in the 1930’s and reflection 
electron microscopes for surface imaging and scanning microscopes appeared after 
World War II.  [60] [61] [62].  
2.1.1. Dualism of High Energy Electrons 
 TEM imaging is carried out using an accelerated beam of electrons which has 
wave characteristics. De Broglie connected the wavelength and momentum of an electron 
with the equation   ℎ = 𝜆𝑝, where h is Planck’s constant, λ is wavelength, and p is the 
momentum of the electron.  The wavelengths of electrons accelerated at voltage V can be 
estimated based on the following relationship,  














where mo is the rest mass of an electron, e is the charge of an electron, V is the 
accelerating voltage, λ is in nm and E is electron energy in electron volts (eV). For a 200 
keV electron, λ ≈ 0.003 nm which is less than interatomic spacing in solids. [60] [61] [63]  
2.1.2. Interactions between Electron and Specimen 
The incident electron beam interacts with the specimen producing various 
detectable signals (see Figure 7).  TEM analyses use directly transmitted electrons, 
coherent elastically scattered diffracted electrons, and randomly elastically scattered 
electrons.  TEM has three types of contrast:  mass-thickness contrast, diffraction contrast, 
and phase contrast.  Mass-thickness contrast occurs due to electron scattering that reduces 
the intensity of the direct beam, so it is dependent on atomic number and sample 
thickness. Diffraction contrast occurs in crystalline samples because of coherently 
scattered electrons that satisfy the Bragg condition. Diffraction patterns can be observed 
in the back focal plane of the objective lens and can be used to tilt the sample to obtain 
specific orientation information.  Phase contrast occurs when several beams are admitted 
resulting in interference producing a lattice image that reflects the periodicity in the 
crystal plane normal to the axis, which is referred to high resolution TEM (HRTEM) 
imaging.   Inelastically scattered electrons in TEM cause the emission of characteristic x-
rays that can provide chemical information via X-ray energy-dispersive spectroscopy 
(XEDS) and inelastically scattered electrons can be captured and used to determine 
localized chemical bonding states by electron energy loss spectroscopy (EELS). TEM 
combined with SEM technique creates scanning transmission electron microscopy 










2.1.3. Ray Diagrams of TEM Operating Modes 
TEM illumination can operate in two different beam modes, parallel and 
convergent, as seen in Figure 8. Convergent beam mode is mainly used for STEM 
imaging, XEDS, and convergent beam electron diffraction (CBED). Parallel mode is 
primarily used for TEM imaging and selected area diffraction (SAD).   
                                                                        
Figure 8. Ray diagrams of TEM illumination modes: (a) parallel beam; (b) convergent 
beam [60] 
  
 A parallel beam provides the most coherent electron waves. When a parallel beam 
interacts with the specimen, the electrons leaving the specimen pass through the objective 




recombined by an intermediate lens to form an image in the image plane (see Figure 9). 
The strength of the intermediate lens determines whether the final screen/detector will be 
a diffraction pattern or the specimen image.  When all the electrons from a large area are 
included in the image or the diffraction pattern, the information can be hard to interpret 
because of the large collection angle. To reduce the information in the image plane, an 
objective aperture can be placed in the back focal plane of the objective lens.  To reduce 
the information input into the diffraction pattern a selected area aperture can be placed at 
the image plane of the objective lens. This is called selected area diffraction (SAD).  Fine 
structure in the specimen is reflected in the SAD pattern and the SAD pattern can also be 
used to select the reflections that will be used to form bright field (BF) and dark field 
(DF) images. 
 Bright field images are obtained by centering the direct beam on the optic axis 
and selecting it by centering an objective aperture on the optic axis.  In BF imaging, 
mass-thickness contrast is observed with heavier elements or thicker areas appearing 
dark. Dark field images are formed when the specimen is imaged using scattered 
electrons.  This can be done by moving the objective aperture off axis to the desired 
reflection spot or by tilting the beam so that the scattered electrons of the desired 
reflection travel down the optic axis.  In DF imaging heavier elements and thicker areas 






Figure 9. Ray diagrams showing (a) diffraction and (b) imaging [60] 
 
2.2. TEM Resolution  
2.2.1. Rayleigh Criterion 
The resolution available from a microscope is limited by the source wavelength.  
The Abbe equation and the classical Rayleigh criterion determined that the smallest 
resolution, δ, attainable from a light microscope is approximately 
      𝛿 =
0.61𝜆
𝑛𝑠𝑖𝑛𝛽




where λ is the wavelength of the radiation, n is the refractive index of the viewing 
medium, and β is the semi-angle of collection of the magnifying lens. This is based on 
the eyes’ ability to distinguish two points. In TEMs the resolution equation can be 
approximated as, 
   𝛿 =
0.61𝜆
𝛽
                                         (4) 
since β is typically less than 1 degree (⁓0.017 radians).  [60] [61] [63]  
2.2.2. Diffraction Limited Resolution  
In TEM, the resolution is more accurately expressed as the ability to distinguish 
two adjacent points in the image, i.e. the minimum-resolvable distance (theoretical 
resolution). Diffraction results in a point being imaged as a disk (called the Airy disk) 
which has an intensity profile.  Under the Rayleigh criterion for resolving two points, 
when the two Airy disks overlap, they can only be resolved when the overall intensity 
profile exhibits a dip in the middle that is less than 80% of maximum intensity. 
Accordingly, the theoretical resolution of the lens is determined by the radius of the Airy 
disk, which leads to the equation   𝑟𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
0.61𝜆
𝛽
    which is essentially the same as 
Eq. (4). [60] 
It is noteworthy that the radius of the Airy disk determines the image resolution in 






2.2.3. Lens Aberration 
The three most prominent magnetic lens defects that negatively affect resolution 
are spherical aberration, chromatic aberration, and astigmatism.  The lens defects cause a 
point to degrade into an image with a finite radius. For instance, spherical aberration 
occurs when the lens behaves differently for off-axis rays. Electrons farther off the optic 
axis are focused back toward the axis more strongly than electrons nearer to the axis. As 
a result, a point object is imaged as a disk of finite size. [60] 
Chromatic aberration is related to the energy spread of the electron beam.  When 
the objective lens bends lower energy electrons more strongly than higher energy 
electrons, a disk is formed.  Even if a monochromatic beam is incident on the specimen 
some electrons lose energy interacting with the specimen. For a 100 keV beam 
interacting with a 50-100 nm specimen some of the electrons experience a 15-25 eV loss 
resulting in a chromatic aberration with radius of ~2 nm. Chromatic aberration gets worse 
for thicker samples. [60]  
Astigmatism occurs when electrons experience a nonuniform magnetic field due 
to inhomogenieties in the lens material or possibly due to contamination on the apertures.  
Astigmatism can be corrected with octupoles that introduce a compensating field. [60] 
If the astigmatism is corrected and a sample is very thin so that chromatic 
aberration is not significant, then spherical aberration is the limiting influence on 





2.3. Ceramic Sample Preparation  
TEM foils should accurately represent the specimen material. As discussed in the 
previous section, the thinner the specimen the better the TEM image resolution.  Hence, 
sample preparation is a critical step for TEM analysis. The quality of a TEM lamella and 
the sample preparation method strongly affect the structural characterization and 
chemical analysis of the sample.   
 Pre-thinning of ceramic samples can be prepared using traditional polishing 
methods [64] [65].  Some samples are also prepared by chemical etching or by cleaving. 
With the emergence of Focused Ion Beam (FIB) technology, TEM samples can also be 
prepared by this approach. The main advantage of FIB techniques is that site specific 
TEM lamella can be prepared quite quickly (possibly in less than a day).  The FIB 
technique is also advantageous for preparing foils from multicomponent or multiphase 
materials. However, the FIB technique produces samples with an amorphous surface 
layer which can interfere with TEM analysis.  The thickness of the amorphous layer is 
dependent on both the energy and angle of the Ga+ ion beam as well as the characteristics 
of the sample material. Many studies have been carried out on low voltage Ar ion milling 
of Si to evaluate the thickness of the amorphous layer and the relationship between the 
thickness of the amorphous layer, the accelerating voltage, and the etching angle [66] 
[67]. However, the removal of the amorphous layer for other materials has not been 
studied extensively. 
Final thinning (polishing) is necessary to ensure the specimen is clean and thin 




Variables such as ion energy, incident angle, and milling time need to be optimized for 
different material and orientation for effective and efficient thinning without damaging 
the specimen.  
 
Figure 10. Schematics of an argon ion milling system [60] 
2.4. Focused Ion Beam (FIB) 
 The liquid metal ion source (LMIS) makes small probe ion sputtering possible. 
The LMIS consists of a tungsten needle attached to a Ga reservoir which has a low 
melting point of 29.8 ⁰C. When the Ga is heated it flows and wets the surface of the W 
needle.  An electric field causes the liquid Ga to form a point source in the shape of a 
Taylor Cone.  A finite voltage is required to create the Taylor Cone and get emission.  
The ion emission is regulated by the extractor and suppressor voltages. The extraction 




accelerated through a potential down the ion column. The extraction voltage is held 
constant and the suppressor voltage generates emission. The emission current increases as 
the applied voltage increases. [68] 
 
Figure 11. Schematics of an electron and ion dual beam FIB system [69]  
 
A dual beam system consists of an electron beam and a Ga⁺ ion beam.  The 
focused ion beam (FIB) can be used for imaging, etching, and depositions and the 
scanning electron beam (SEM) for imaging and depositions. The ion beam column and 
the electron beam are arranged so that both beams can be focused on the same area of the 
specimen under study (see Figure 11). Integrating the electron beam and the ion beam 






 The ability to mill using a FIB depends on the interaction between the Ga⁺ ion 
beam and the target material.  An incident ion sets off a series of elastic collisions in the 
target that transfer enough kinetic energy to a surface atom to overcome the surface 
binding energy of the target material. A 30 keV Ga+ ion beam energy was almost 
exclusively used for TEM foil preparation.    At a zero degree angle of incidence (for 
angles measured from the surface normal), the FIB milling rate of GaN, Si, sapphire and 
SiC increase with increasing Ga+ ion energy for energies up to 30 keV. GaN and Si 
milling rates continue to increase slightly for Ga+ ion energies from 30 to 50 keV while 
the milling rates of sapphire and SiC do not increase with Ga+ ion energy increases 
beyond 30 keV [70].   
2.4.2. Redeposition and Amorphization 
 During the ion milling, sputtered material and back sputtered ions can deposit on 
surfaces in close proximity to the milling site.  Redeposition is a problem for high aspect 
ratio features and can be a problem when trying to free the sample from the substrate. 
Redeposition will not be a problem for TEM foils that are thinned after the lift out 
process.   
 If an impinging ion is not backscattered out of the target surface it will be 
implanted within the target surface at some depth [68]. Ion implantation leads to the 
formation of an amorphous phase on the specimen surface.  The level of Ga⁺ ion 
implantation depends on ion energy, angle of incidence, and the target material. A 30 




In a FIB prepared TEM specimen, Ga will be present in both the amorphous layer 






Chapter 3. TEM Experimental Aspects in this Study 
3.1. Major Experimental Instruments 
3.1.1. TEM  
 In this work, Transmission Electron Microscopy (TEM) was performed on cross-
sectional samples using a Talos F-200X (FEI-ThermoFisher Scientific) operated at an 
accelerating voltage of 200 kV with a best resolution of 1 nm.  TEM imaging was 
performed by tilting to a zone axis without using an objective aperture producing mass-
thickness and phase contrast images, or by tilting to a two-beam condition and observing 
diffraction contrast images.  The Talos was operated in the scanning mode and X-ray 
energy dispersive spectrometry (XEDS) was carried out with a Bruker system. 
3.1.2. FIB 
 Dual beam (FIB/SEM) systems, i.e. TESCAN Lyra and FEI Nova, were used to 
prepare TEM foils.  In both Lyra and Nova dual-beam systems, the electron beam column 
is mounted in a vertical position above the sample stage and the Ga⁺ ion beam column is 
mounted at a specific angle to the electron beam, e.g. 55⁰ for the Lyra and 52⁰ for the 




both FIB instruments can operate over a wide range of accelerating voltages, 30 kV was 
the typical energy used during processing. When the Ga⁺ beam hits the sample surface, 
sputtered atoms and molecules, secondary electrons, and secondary ions are generated.  
The imaging detectors can be biased to collect secondary electrons or ions for image 
formation.  Both instruments used secondary electrons for imaging.  
 The ion column has two lenses, a condenser lens and an objective lens.  The 
condenser lens forms the probe and the objective lens focuses the ion beam at the sample 
surface. Apertures of various diameters help define the probe size and ion currents. Using 
different apertures with different condenser settings enables continuous adjustment of the 
probe current.  Beam currents range from a few picoamps to 10-20 nA.  The beam shape 
can be optimized by centering the aperture, tuning the column lenses, and fine tuning the 
beam with the use of stigmators.     
3.2. FIB Sample Preparation Strategies 
3.2.1. Standard FIB Procedure of TEM Foil Preparation 
 Standard FIB procedure to prepare TEM foil is illustrated in Figure 12, which 
consists of 1) depositing a Pt cap, 2) cutting a trench to create a micro bridge, 3) cutting 
the bottom of the micro bridge, 4) attaching probe with the help of Pt deposition, 5) 
cutting the remaining side of the bridge to free the foil, 6) carefully lifting the foil out of 
the trench with the probe motion, 7) fixing the foil to the TEM grid with Pt, and 8) 







Figure 12. Illustration of the standard FIB procedure to fabricate TEM foil [72] 
3.2.2. Pt Deposition 
Pt is deposited to identify sample location and to protect the surface during the 
milling process.   A gas injection system (GIS) provides Pt.  The Pt can be deposited by 
ion beam or electron beam assisted chemical vapor deposition of a precursor 
organometallic gas.  The source gas adsorbs on to the specimen surface and the 
interaction with the electron or ion beam causes decomposition resulting in Pt deposition.  
The growth rate is dependent on the gas spray density. The Pt builds up with repeated 
adsorption and decomposition. When depositing using the ion beam the current density 
and adsorption rate need to be watched closely.  If the ion beam current is too high for the 
adsorption rate then etching will occur instead of deposition. The Pt deposition layer will 





3.2.3. FIB Procedure Conditions Used in this Study 
 Figure 13 (a) through (h) show the typical SEM images after various steps during 
FIB processing.  The following procedure was used to prepare TEM foils in this study. 
1) Deposit Pt using the electron beam (e-beam). Deposit enough e-beam Pt to maintain 
the surface condition before the sample is exposed to the ion beam. Typical target 
rectangle size was 25 m x 2 - 3 m.  
2) Deposit a thicker layer of Pt (at least 2 m) using the ion beam (i-beam) to maintain Pt 
during amorphous layer removal.  
3) Mill out a trench on both sides of the Pt that has the length of the Pt cap (25 m) and is 
approximately 12 m wide by 5 m deep.  The width and depth are determined by the 
depth of the interface of interest.    
4) Thin the sample to the thickness desired for lift-out procedure (typically 1 to 3 m 
depending on final thinning strategy).  
5)   Reduce the stage tilt and mill around the sample so that only a small area is still 
attached to the substrate.   
6)  For lift-out, attach the sample to a W probe with Pt, cut the sample free from the 
substrate, withdraw the probe and sample, attach the sample to the TEM grid with Pt, and 
cut the sample from the W probe.  
7) After the foil has been lifted from the substrate carry out a final thinning in the FIB to 
reduce the foil to the desired thickness before it is subjected to the final low energy Ar 





Figure 13. SEM images during FIB processing (a) Pt cap (b) trenches milled on both 
sides of Pt (c) mill around the sample except for a small area; (d) top view of samples 
ready to lift (e) top view of probe attachment (f) foil cut free of substrate (g) move foil to 
grid finger (h) attach foil to grid and cut probe free. 
 
3.2.4. Addressing the Pt Cap Depletion during FIB Sample Preparation 
 Maintaining the Pt cap during the thinning process is important because the final 
low energy Ar ion polishing steps to remove the amorphous layer created in the FIB 
process require the presence of the Pt layer because it protects the layer immediately 
below it.  If the Pt cap is removed, then the layer immediately beneath it will begin to be 
milled away.  This is a problem if the layer of interest is at the surface.   
 After the specimen foil is removed from the substrate, the foil thickness needs to 
be milled in steps from 1 m down to about 0.2 m. As the foil is milled, the faces do not 
remain parallel to the Ga ion beam. The top of the sample is much thinner than the 




samples can be tilted away from normal to obtain more parallel faces. This also maintains 
the Pt cap.  Samples that were tilted to +1 degree and -1 degree from the normal Ga ion 
beam during thinning had more parallel faces. By this method (tilting the top of the 
sample 1 degree away from parallel to the beam) samples could be made very thin while 
the Pt caps were not milled away. Figure 14 shows a foil that was tilted while thinning 
and the thickness was reduced in steps.  It was demonstrated that tilting the sample during 
the thinning step before the lift-out process was beneficial in that it reduced the sample 
thickness at the bottom of the sample which made it much easier to cut the sample free 
from the substrate.    
   
Figure 14. A foil that has been thinned in steps.  Each step was thinned using the practice 
of tilting +1⁰ when milling the side seen by the e-beam and -1⁰ when milling the back 
side. 
However, in this study, this practice was discontinued during the final thinning 





Figure 15. SEM image of the foil (thinned in steps) after Ar ion milling, shows the 
specimen is bending, in addition the thinnest areas milled away before the sample was 
clean enough. (a) Image after one Ar ion mill. (b) Image after 4 Ar ion mills.  
 
3.2.5. Addressing Foil Bending Problems during FIB Preparation 
 Cross-sectional samples were made about 25 m wide with a depth determined by 
the location of the interface or feature of interest. For the samples with Ga2O3 films less 
than 500 nm thick, a typical TEM foil has a depth of 3 to 5 m. Initially the foils were 
prepared with both faces as parallel as possible and as thin as possible without 
compromising material characteristics.  During this practice, it was observed that the foil 
thickness could not be reduced below thickness of about 0.2 m without bending, when 
milling with a Ga ion beam at 30 kV.  
Samples with parallel faces typically bent during the final polishing step even if 
they were left thicker than 0.2 m.  In addition to the bending problem, it was also 
typically observed that the thinnest areas of the specimen after Ar ion milling, were 




Eventually it was determined that a foil prepared with a wedge on the sample, as 
seen in Figure 16 (a) and (b), provided a sample with a very small area on the narrow 
edge that was adequately thin to carry out TEM evaluations while the thickness of the 
main wedge maintained structural integrity to avoid bending.  
Experimentally, foils were made with 1, 2, and 3 degree FIB target box angles 
resulting in wedge tip angles of 2, 4, and 6 degrees. The foil was thinned without using 
the practice of tilting 1⁰ away from the ion beam so the foil was thicker at the bottom than 
the top. A Pt cap thickness of over 2 μm was required to maintain the cap during both the 
FIB thinning process and the Ar ion polishing process.  
   
Figure 16. (a) Top view of the foil showing the wedge shape; (b) Side view of the foil 







3.3. Final Polishing  
 TEM foils were examined immediately after FIB preparation to record the initial 
condition and note any FIB artifacts. The thickness of the amorphous layer was observed 
as seen in Figure 17(a) because it is necessary to remove this damage before more in 
depth interpretations of image contrast can be made.  Figure 17(b) shows how the 
amorphous layer thickness at the edge of the foil changes with material by observing the 
edge of a foil with SiC-AlN-GaN layers.      
 
Figure 17 (a) TEM image showing the amorphous damage layer at the edge of a Ga2O3 
sample near the substrate-film interface before any Ar ion cleaning.  (b) A TEM image of 
a SiC-AlN-GaN material showing the thickness of the amorphous at the edge of the foil 
is different for each material.  The amorphous layer on the SiC is much thicker than that 
for the AlN or GaN.      
 
  In order to prepare a sample that can be observed at high resolution, the gallium 




TEM immediately after the FIB process had “wavy” pattern in the image contrast seen in 
Figure 18.  This amorphous layer needed to be removed in order to obtain information 
from the image.  
 
Figure 18. TEM image of Ga2O3 substrate showing the “wavy” pattern for samples 
imaged before an Ar ion final polish. 
 
3.3.1. Fischione 1040 NanoMill 
 Initially, TEM foils were cleaned using a Fishione 1040 NanoMill. The Fischione 
1040 NanoMill TEM specimen preparation system is an ultra-low energy (50 V to 2 kV) 
Ar ion system that can be used to remove FIB damage layers. The stage can be inclined 
from -10⁰ to 10⁰ so that the beam is approaching the foil face from 0⁰ to 10⁰ from parallel 





This instrument has been used for amorphous layer removal on Si substrate foils. 
A typical recipe for cleaning Si samples was carried out on the Ga2O3 samples, but was 
not effective. The voltage was increased to 2 kV for 5 minutes per side.  The voltage was 
reduced by half and milled for double the length of time. Several iterations were required. 
However, areas of interest in the TEM foil specimens were typically milled away before 
they were thin enough or clean enough to evaluate. When foils were not milled away, 
striations occurred in the Pt that continued into the Ga2O3 layer as seen in Figure 19. 
These appeared to be caused by milling from a single direction.    
 
Figure 19. TEM image of a Ga2O3 specimen showing striations that continue from the e-
beam Pt into the Ga2O3 layer, after removal of amorphous layer in the Fishione 1040 
NanoMill.  
 
 A foil that was Ar ion milled very aggressively for its initial cleaning, seen in 




direction using a 2 kV mill followed by a 1 kV mill at 10 degree tilt.  The same sample 
was further cleaned with a 500 eV mill as seen in Figure 21. 
 
Figure 20. Sample deposited at 550 ⁰C, 1 wt. % SiO2 after an aggressive first polishing in 







Figure 21. The same sample as seen in Figure 20 (sample deposited at 550 ⁰C, 1 wt. % 
SiO2) with one additional 500 eV mill without sample rotation. The sample looks better 
but clearly will not enable HRTEM. Magnification increases from (a) to (c).  
 
3.3.2. Fischione 1010 Ar Ion Mill 
The β-Ga2O3 foils with a (010) surface were not effectively cleaned for TEM 
evaluation  by Ar ion milling from a single direction and a milling artifact was 
introduced, consequently, the final cleaning was carried out with a Fischione 1010 Ar ion 
mill using  continuous sample rotation with the result observed in Figure 22. 
The Fischione 1010 Ar Ion Mill TEM specimen preparation system is typically 
used to thin specimens to less than 100 nm that have been prepared by grinding to less 
than 10 μm thick.  This model allows milling from 0.5 to 6 kV with ion beams on both 
sides of the specimen at angles from 0⁰ to 45⁰.  The stage can be rocked or rotated a full 





   
Figure 22. The sample in Figures 20 and 21 after one Ar ion mill with sample rotation has 
enabled a higher resolution image to be achieved. 
 
 For final cleaning carried out in the Fischione 1010 Ar ion mill, a voltage of 2 kV 
was used followed by a 1 kV mill with continuous rotation of the sample. Several 
iterations of 2 kV for 3 minutes followed by 1 kV for 6 minutes were carried out until it 
was determined that 6 to 12 minutes of milling at 2 kV was necessary to remove the 
amorphous layer.   
3.4. TEM Sample Preparation Summary for this Study  
Making a gallium oxide sample thin enough to carry out TEM evaluations yet still 




development of an optimal final polishing procedure for Ga2O3 has continued after this 
project.  
During FIB processing a Pt cap thicker than 2 m is required to prevent its 
depletion during thinning and final polishing. To prevent the bending issues of the thin 
area, a wedge tip is necessary. The wedge tip is closer to a thickness of 0.3 or 0.4 m 
after the FIB procedure. A sample with a wedge that was cleaned with sample rotation 
during the low energy Ar ion milling step seen in Figure 23 shows the increased quality 
of the sample.  
 
Figure 23. Sample quality is increased by making a sample with a wedge and cleaning 
with sample rotation during the low energy Ar ion milling step. The blue arrow in (a) 
locates the front edge of the sample. Higher magnifications of the substrate and film are 
seen in (b) and (c), respectively.   
 
It is suggested that a final polish be carried out on the Fischione 1010 Ar ion mill 
with continuous rotation, to avoid defects introduced by milling from a single direction. 
The present optimal ion milling conditions are in the sequence of 3, 2, 1, and 0.7 kV at 




Chapter 4. TEM Analyses of the Ga2O3 Thin Films 
 The objective of this work is to fabricate high-quality TEM specimens with the 
help of dual-beam Focused Ion Beam/Scanning Electron Microscopy (FIB/SEM) to study 
the quality of Si-doped β-Ga2O3 homoepitaxial films grown by pulsed laser deposition 
and to analyze the nanoscale features in the films. 
4.1. Ga2O3 doped with Si Thin Films 
 In this study four samples of Si-doped β-Ga2O3 films fabricated by pulsed laser 
deposition (PLD) on Fe compensation-doped (010) β-Ga2O3 substrates were received (see 
Leedy et al. 2018 [50] for entire study).  The Fe compensation-doped (010) β-Ga2O3 
substrates were manufactured by Tamura Corporation and had a resistivity > 1010 Ω-cm 
(determined by the manufacturer). 
4.1.1 Ga2O3 doped with Si Thin Films: Preparation and Evaluation of 
Films   
The samples were fabricated in a Neocera Pioneer 180 PLD chamber with a base 
pressure of 2.66 x 10-6 Pa that was equipped with a COMPexPro 110 KrF excimer laser 
(λ=248 nm, 10 ns pulse duration) and a backside heater.  The laser was operated at a 
pulse rate of 10 Hz with an energy density of 3 Jcm-2.  Ablation targets consisted of 




% SiO2 that were 50 mm in diameter and 6 mm thick. Substrates were cleaned with 
acetone and then isopropyl alcohol and dried with N2 followed by an O2 plasma ash 
before being put into the PLD chamber.  A final surface cleaning in the PLD chamber 
was carried out at 590 ⁰C in 13 Pa O2 for 1 hr.  
 The deposition conditions were optimized for this deposition chamber using the 1 
wt. % SiO2 target by evaluating the mobility and carrier concentration as a function of O2 
pressure (Figure 24 (a)) and O2/Ar ratio at 590 ⁰C (Figure 24 (b)). This lead to a fixed 
pressure (1.3 Pa) and gas composition (5% O2 / 95% Ar) for the evaluation of thin film 
conductivity as a function of temperature for each composition.  Depositions were carried 
out at 450, 500, 550, and 590 ⁰C.  The lowest conductivities occurred at 450 ⁰C and 
increased with temperature up to 550 ⁰C and then decreased for 590 ⁰C as seen in Figure 
25 (a). Surface roughness measurements were obtained with a Bruker Dimension Icon 
atomic force microscope (AFM) operated in conventional tapping mode in air and it was 
found that at 450 ⁰C films had higher RMS roughness values for all target compositions 
as seen in Figure 25 (b). 
 Crystalline quality was assessed via XRD rocking curves (RCs) showing full-
width at half maximum (FWHM). The RCs were not symmetrical as would be expected 
for high quality epitaxial films. Figure 26 shows representative XRD RCs for the (020) 
2Θ peak of Ga2O3:Si films deposited at 550 ⁰C from different SiO2 content targets. A 
qualitative film strain evaluation was made by observing the difference in the maximum 






Figure 24.  (a) Mobility and carrier concentration of Ga2O3:Si films from a Ga2O3-1 wt.% 
SiO2 target deposited at 590 ◦C as a function of O2 deposition pressure. (b) Mobility and 
carrier concentration of Ga2O3:Si films from a Ga2O3-1 wt.% SiO2 target deposited at 590 
⁰C as a function of the O2/Ar flow ratio with a fixed 1.33 Pa pressure. [50] 
 
 
Figure 25.  (a) Conductivity of Ga2O3:Si thin films from Ga2O3 targets with different 
SiO2 contents as a function of deposition temperature. (b) RMS surface roughness from 
AFM of Ga2O3:Si films from Ga2O3 targets with different SiO2 contents as a function of 
deposition temperature [50] 
(∆Ω) for the (020) 2θ peak. The average ∆Ω for each film peak relative to the substrate 




stress and a right-hand shoulder indicates tensile in-plane film stress.  Deconvolution of 
the RC for thin film samples deposited from targets with 1 wt. % SiO2 shows evidence of 
right-hand shoulder peaks indicating tensile in-plane film stress.  Leedy et al. [50] 
 
Figure 26.  Representative XRD rocking curves for the (020) 2Θ peak of Ga2O3:Si films 
deposited at 550⁰C from different SiO2 content targets. The average ∆Ω for each film 
peak relative to the substrate peak is listed [50] 
concluded that shoulder peaks were most likely due to the incorporation of the Si dopant 
into the Ga2O3 thin film crystalline cell which would result in changes in the unit cell 




 Si contents measured by SIMS were 5 to 15 times higher than the calculated film 
Si concentrations based on the indicated target SiO2 contents except for the 1 wt. % SiO2 
target which was 65% of the calculated amount as seen in Figure 27. The discrepancy 
between film Si concentrations and nominal Si target contents lead to an analysis of 
ablation targets by SIMS which confirmed that ablation targets’ Si concentrations were 
lower than film Si contents except for the 1 wt.% SiO2 target. It was concluded that either 
local Si segregation occurred in the targets or ablated Si was preferentially incorporated 
in the films.  
 
Figure 27.  SIMS depth profiles of Si in Ga2O3:Si films deposited at 550 ⁰C from Ga2O3 





4.1.2. Ga2O3 doped with Si Thin Films: Preparation of TEM samples   
This TEM study focused on four samples fabricated at 450⁰C and 550⁰C for 
Ga2O3 target compositions with 0.025 wt. % SiO2 and 1 wt. % SiO2, summarized in 
Table 2. 
Target Composition Temperature 
Ga2O3-0.025 wt. % SiO2 450 ⁰C 
Ga2O3-1 wt. % SiO2 450 ⁰C 
Ga2O3-0.025 wt. % SiO2 550 ⁰C 
Ga2O3-1 wt. % SiO2 550 ⁰C 
 
Table 2. Samples evaluated in this study 
 
  First it was necessary to determine how the samples should be prepared.  The 
growth direction of the film was [020] and for a monoclinic system the [020] direction is 
normal to the (020) plane.  The substrates were grown by the EFG method and the [102]  
Figure 28.  The image shows the substrate with the [020] growth direction normal to the 







direction was along one edge as seen in Figure 28 (from Tamura data).  The [102]  
direction is normal to the (2̅01) family of planes.  The samples provided were 3 mm 
squares so two TEM foils were prepared, one parallel to the direction of each edge.  As  
expected, the sample perpendicular to the [102] direction was easier to index because the 
direct beam was parallel to the [102] direction.    
 
4.2. Selected Area Electron Diffraction Pattern of Ga2O3 Thin 
Films (Summary from Williams and Carter [60], Edington [63], Cullity [73], and 
Brandon and Kaplan [61]) 
4.2.1. Basic Diffraction Relationship  
 Bragg’s Law, the von Laue equations, reciprocal space, and the Ewald sphere are 
underlying foundations for understanding electron diffraction. Bragg’s law shows that 
waves reflected off the adjacent scattering centers (planes) are in phase for diffraction 
shown in Figure 29 (a), when   𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃, where θ is the Bragg angle between the 
incident beam and a plane of atoms, n is an integer, λ is the wavelength, and dhkl is the 
distance between (hkl) planes.   
In TEM, electron diffraction occurs when transmitted electrons are scattered by 
atoms in the lattice. Von Laue considered adjacent atoms separated by a regular distance 
as scattering centers and electromagnetic waves (wavelength is λ) will diffract in phase if 
the path difference of the scattered waves is hλ (h is an integer), shown in Figure 29 (b). 




a(cosα1 – cosβ1) = hλ;  b(cosα2 – cosβ2) = kλ;  c(cosα3 – cosβ3) = lλ,        (5)  
where h, k, and l are integers corresponding to the diffraction plane (hkl), a, b, and c are 
the lattice constants, and  αi and βi , (i=1,2,3)are scattering/diffraction angles in the Figure 
29 (b). Both Bragg’s law and the von Laue equations can be expressed in vector notation. 
 
Figure 29.  (a) Diagram showing the difference in path length for scattering from two 
parallel planes resulting in the Bragg equation; (b) A one dimensional figure showing von 
Laue’s approach to calculating path difference between waves from two scattering atoms 
[60]. 
 
The reciprocal space concept was introduced by Ewald in 1921. If a crystal lattice 
is defined by vectors a, b, and c and the corresponding unit cell in reciprocal space (Eq. 
(6)) is defined by vectors a*, b*, and c* 
         a* = 
1
𝑉
(b x c),  b* = 
1
𝑉
(c x a), and c* = 
1
𝑉
(a x b)                          (6) 
where V=a • (b x c) is the volume of the crystal unit cell. Based on Eq. 6, vector a* is 
perpendicular to the plane defined by vectors b and c, so are the vectors b* and c* in 




is based on the planes of the crystal lattice and each point in the array is labeled with the 
hkl of the associated plane. A vector, ghkl, drawn from the origin in reciprocal space to a 
point with coordinates hkl is perpendicular to the (hkl) plane in the crystal lattice for all 
crystal systems and is given by Eq. 7 





 Ewald also introduced the limiting and reflecting spheres as seen in Figure 30(a).  
If a single crystal in the path of an electron beam of wavelength λ is considered to be 




within which lattice points in reciprocal space have the possibility of being detected. The 
size of this sphere is a maximum when 𝑛 = 1 and 𝑠𝑖𝑛𝜃 = 1 in the Bragg equation   𝑛𝜆 =
2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃.  This corresponds to the minimum lattice spacing  
𝜆
2
  that can be detected by 
diffraction of an incident beam of electrons with wavelength λ. In TEM, if 𝑛 = 1 but   






















if   
1
𝑑ℎ𝑘𝑙
= 𝑔ℎ𝑘𝑙 (see Figure 30(b)).  Within the limiting sphere Ewald introduced a 
“reflecting” sphere (the Ewald sphere) that has a radius of  
1
𝜆
   where the Bragg condition 
is satisfied and waves are in phase so that they have sufficient intensity to be detected.  
The circumference of the Ewald sphere touches both the center of the limiting sphere in 
reciprocal space where the specimen is located and a point on the circumference of the 






   
Figure 30. (a) Ewald’s limiting and reflecting spheres [61] (b) Vector diagram in 
reciprocal space of the incident and diffracted beams.   
 
In Figure 30, within the Ewald sphere, vectors k0 and k define the wave vectors 
of, and are parallel to the incident and diffracted beams, respectively.  Also, ǀk0ǀ and ǀkǀ 
are both equal to   
1
𝜆
 .  The reciprocal lattice vector, g, is perpendicular to the diffracting 
plane and the Bragg equation can be written (Eq. (8)) 
    k – k0 = g                                                                       (8) 
 where  |𝐤 − 𝐤𝟎| =
2𝑠𝑖𝑛𝜃
𝜆
 and |𝐠| =
1
𝑑
. In Figure 30 (b), the incident and diffracted beams 
also represent k0 and k, respectively. 
Kikuchi lines (see section 4.2.2) can be used to orient the specimen so that a 




one line that is called the zone axis.  Normal vectors to planes of a zone will be coplanar 
which means that the reciprocal space lattice points for each plane of the zone will occur 
in a single reciprocal space plane that passes through the origin of reciprocal space.   
If the zone axis has direction [uvw] and ghkl is normal to (hkl), then a zone axis in 
the crystal lattice, Z = ua + vb + wc, is perpendicular to g = ha* + kb* + lc* so Z • g = 0, 
hence (Eq. (9)). 
 (ua + vb + wc) • (ha* + kb* + lc*) = 0 and hu + kv + lw = 0                            (9)  
When this condition is satisfied, a diffraction spot will occur for the (hkl) planes in the 
reciprocal space plane that is intersected by the Ewald sphere.  The crystalline foil is 
aligned so that the [uvw] direction, the zone axis, is the central spot of the diffraction 
pattern.  The vectors going from the central spot to the diffraction spots are called the g 
vectors.   
The spot patterns that occur in electron diffraction occur because of the shape of 
the TEM foil and the large size of the Ewald sphere.  The foil is essentially infinite in the 
x and y directions, but finite in the z direction.  Infinite planes in real space produce an 
almost discrete spot in reciprocal space (the intensity distribution is narrow for an infinite 
array), while very small dimensions in real space produce larger spots in reciprocal space 
(the intensity distribution is broad for a finite array).  Consequently the shape of the spots 
in reciprocal space are somewhat streaked or cylindrically shaped.  When the Ewald 
sphere passes through reciprocal space instead of passing through a single point in a 
plane, it passes through a group of spots that are elongated in the z direction. For electron 




reciprocal space plane is detected producing the observed spot pattern. This group of 
spots clustered around the central direct beam are in the zero order Laue zone. Rings of 
diffracting spots occur where the Ewald sphere intersects the reciprocal lattice above the 
plane containing the direct beam spot.  These are called higher order Laue zones.      
4.2.2. Kikuchi Lines 
Kikuchi lines occur as a result of dynamical forward scattering of the electron 
beam and are associated with the orientation of a single crystal.  They can be used to 
orient a sample to a particular zone axis.   
When the electron beam interacts with the specimen, incoherently scattered 
electrons can travel in all directions, but more electrons travel in the forward direction. 
Scattered electrons coming from all directions are incident on the (hkl) planes.  The 
scattered electrons incident on the (hkl) planes at the Bragg angle of the (hkl) planes can 
be Bragg diffracted.   The incident electrons that pass through the crystal and the 
electrons that are diffracted form a cone of intensity coming from both sides of the 
reflecting plane called a Kossel cone seen in Figure 31. The angle between the cones is 
2θ and is bisected by the reflecting plane. The intersection of the Ewald sphere and the 
two cones are conic sections that appear as two parallel lines in the diffraction pattern 






Figure 31.  Kikuchi lines. Diffracted electrons form Kossel cones that intersect the Ewald 
sphere as conic sections that appear as a line in the diffraction because of the large size of 
the Ewald sphere. [60] 
 
The two Kikuchi lines associated with an (hkl) reflecting planes appear to be fixed 
to the specimen and move across the diffraction pattern when the specimen is being 
tilted.  Consequently, Kikuchi lines can be used to orient the specimen to a desired zone 
axis.  When the electron beam is not parallel to the reflecting plane, the two Kikuchi lines 
will have different intensities, one line will appear light and one will appear dark.  The 
dark line is closest to the incident beam. This information can be used to determine the 
sense (+/-) of tilt or the sense of the excitation error which is a measure of deviation from 
the Bragg condition. 
When the specimen is oriented so that the beam is parallel to the (hkl) planes 
which is true when oriented to a zone axis, then the lines pass through 
𝐠
2
  and 
−𝐠
2




distance between the lines is  |𝐠| =
1
𝑑
, so the Kikuchi lines can be used along with the dot 
patterns to determine d spacing.        
4.2.3. Results: Kikuchi Lines and Diffraction Patterns of β-Ga2O3  
To obtain electron diffraction patterns, the specimen should be oriented so that the 
incident beam is parallel to a low-index zone (u, v, and w are small integers), which can 
be achieved by tilting the specimen so that the Kikuchi lines lead to a zone axis as seen in 
Figure 32.   The sample orientation and the diffraction pattern orientation can be 
correlated so the [020] growth direction can be easily identified.  
 
Figure 32. (a) and (b) TEM images of the Kikuchi pattern from a β-Ga2O3 specimen 





If the material is known, the diffraction pattern can be indexed by measuring  |𝐠| 
from spot patterns or Kikuchi lines, calculating d-spacing, and comparing this d-spacing 
with known diffraction data. Diffraction data from the 2018 International Centre for 
Diffraction Data, 00-041-1103, for monoclinic Ga2O3 was referenced in this study [74]. 
To help with indexing, diffraction patterns were generated with CrystalMaker software 
(Figure 33 (a)) and compared with TEM diffraction patterns (Figure 33 (b)). This 
software creates dynamical visualizations with rotatable animations by building crystals 
using Wyckoff atomic coordinates from the diffraction data.  Diffraction patterns can be 
generated using a SingleCrystal program linked with the CrystalMaker software.  This 
software also generates the value of g based on the crystal structure data entered. 
 
 
Figure 33. (a) Simulated diffraction pattern at zone axis <102> using SingleCrystal linked 
with CrystalMaker software; (b) TEM image of a selected area diffraction (SAD) pattern 





4.2.4. Lattice Parameter Calculation of Ga2O3  
 The d-spacings for monoclinic β-Ga2O3 are very close to each other so identifying 
the correct hkl planes was challenging. Measurements were made on the diffraction 
pattern in Figure 34 and d-spacings are calculated in Table 3 and presented along with the 
d-spacings from the diffraction data.  The d-spacings can be slightly different from the 
diffraction data due to a difference in lattice spacing for the Fe-doped substrate or just 
measurement error.  Although the diffraction data lists the d-spacing as the (2̅01), 


















), indicate the d-spacing observed is the (4̅02). 
Also, it is evident in Figure 34 that the two red lines are perpendicular to each other, 
which can be verified by    𝐠020  •   𝐠2̅01 = 0. 
 The zone axis can be determined by Eq. (10), 




| = 2𝒊 − 0𝒋 + 4𝒌                                         (10) 
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Table 3. Measurements of 1/d from Figure 34 along with diffraction data d spacing [74] 
 Lattice parameter measurements can also be made from the Kikuchi lines as seen 





Figure 35. (a) Kikuchi lines showing measurement for the d-spacing of (020) planes, (b) 
magnification of measurement in (a), and   (c) the location for the d-spacing 
measurements for the family of planes represented by the red lines:                                  
1= (8̅04),   3 =  (6̅03),   2 = (4̅02) 
 
4.4. TEM Images of the Ga2O3 Thin Films 
4.4.1. Composition and Temperature Impacts on Surface Roughness 
 After FIB sample preparation was complete, an initial observation of the samples 
(before the amorphous layer was removed) revealed that depositions at the lower 
substrate temperature of 450 ⁰C had a degradation in morphology that resulted in surface 
roughening, while the films deposited at 550 ⁰C did not exhibit the same degradation in 
morphology. TEM images in Figure 36 show the difference in surface roughness for 





Figure 36.  Initial observation of foils before amorphous layer removed.  Layers from 
bottom to top:  Ga2O3 substrate, Ga2O3 thin film, e-beam Pt (varies in thickness among 
samples), e-beam Pt/i-beam Pt interface, and i-beam Pt. The sample in (d) was made in a 
contact area so has a several metal layers between the Ga2O3 thin film and the e-beam Pt. 
The samples in (a) and (b) deposited at 450 ⁰C exhibit a degradation in morphology and 
increased surface roughness while (c) and (d) deposited at 550 ⁰C exhibit a smooth 





PLD studies have found that substrate temperature is a crucial parameter affecting 
crystalline quality for Ga2O3 films [16] [37] [39] [40] as well as other materials [36] [75] 
[35].  PLD is a favorable deposition method because it is possible to grow high quality 
films at relatively low substrate temperatures due to the high energy atoms and ions in the 
plasma plume that result in a higher surface mobility. If the substrate temperature is too 
low the surface migration of adatoms is inhibited and if it is too high adatoms can 
evaporate from the film surface [34] [38].  
 The surface roughness observed in the TEM images reflected the surface 
roughness measurements obtained with a Bruker Dimension Icon atomic force 
microscope (AFM) operated in conventional tapping mode in air. The RMS surface 
roughness of thin films deposited at 450 ⁰C had a higher RMS roughness (5.5 nm and 8.4 
nm) than films deposited at higher temperatures (0.15 nm to 0.2 nm). The RMS 
roughness of the initial Ga2O3 substrate was 0.08 nm [50].   
 The surface roughness observed for films grown at 450 ⁰C also correlated with the 
degraded transport properties of these films.  Leedy et al.[50] determined that peak 
carrier conductivities occurred for films grown at 550 ⁰C and was the lowest for films 
grown at 450 ⁰C (Figure 25). 
4.4.2. Composition and Temperature Impacts on Local Strain  
 After removal of the amorphous FIB damaged layer, Figure 37 images were 
acquired in bright field mode with the samples tilted to a two-beam diffraction condition 
such that the (020) diffraction was excited. The initial substrate/film interface is flat and 





Figure 37.  Images acquired in bright field mode with the samples tilted to a two-beam 
diffraction condition such that the (020) diffraction was excited. Layers from left to right:  
Ga2O3 substrate, Ga2O3 thin film, e-beam Pt (varies in thickness among samples), and i-
beam Pt. (a) Deposition with 0.025 wt. % SiO2, T=450 ⁰C exhibits epitaxial growth in 
some areas with a gradual increase in polycrystalline growth. (b) Deposition with 1 wt. % 
SiO2, T=450 ⁰C exhibits immediate onset of polycrystalline growth.  (c)  Deposition with 
0.025 wt. % SiO2, T=550 ⁰C exhibits epitaxial growth with strain at the interface. An 
arrow points to a dislocation originating at the strain at the interface.  (d)  Deposition with 
1 wt. % SiO2, T=550 ⁰C exhibits strain localized defects in the film that appear as black 
spots  




growth were dependent only on the low temperature, then the onset of polycrystalline 
growth would be expected to be the same for both low temperature growths. The onset of 
polycrystalline growth for films deposited with a substrate temperature of 450 ⁰C is 
different for each Si content. For the 0.025 wt. % SiO2 target there are areas where 
epitaxial growth occurred and the onset of polycrystalline growth occurred gradually.  
The breakdown in epitaxial growth occurred at growth onset for the 450 ⁰C, 1 wt. % SiO2 
target. This was most likely due to increased strain caused by the higher Si concentration 
that resulted in nucleation of misoriented crystallites.  The breakdown of epitaxial growth 
has also been reported for low temperature GaAs thin film growths.  A study carried out 
by Liliental-Weber et al. [76] to address the breakdown in low-temperature-grown GaAs 
epitaxial films concluded that not only was film growth affected by the kinetics of low 
growth temperatures, but that nucleation sites for misoriented grains occurred due to 
lattice strain caused by excess As or strain caused by As agglomerates. 
  Thin films deposited at the higher substrate temperature of 550 ⁰C for both Si 
concentrations exhibited a smoother surface morphology as seen in Figures 36(c) and (d) 
and 37(c) and (d). The epitaxial nature of the 550 ⁰C films was verified with Fast Fourier 
Transforms (FFT) of the diffraction contrast images in Figure 38. When the samples were 
oriented to a zone axis, the substrate and the films have the same diffraction pattern. 
   Although the films grown at 550 ⁰C are epitaxial, when imaging with a two-beam 
diffraction condition there are dark spots in the images in Figure 37(c) and (d) that 
indicate the presence of strain [63].   It is likely that the addition of SiO2 to the Ga2O3 





Figure 38. (a)  TEM image at the substrate-film interface for the film . The diffraction 
patterns of the substrate, (b), and the film (c) indicate the film is epitaxial  
 
grown using the 0.025 wt. % SiO2 target, dark spots occur at the substrate-film interface 
and appear to be a source for dislocations that propagate into the film (see arrow in 
Figure 37(c)). However, the film grown using the 1 wt. % SiO2 target exhibits dark spots 
throughout the film with areas of higher concentration of dark spots and a degraded 
morphology part of the way through the film (Figure 37 (d)). Since split lobes had been 
observed during sample polishing (see Figure 19) the film grown at 550 ⁰C with the 1 wt. 
% SiO2 target was oriented so that the (2̅01) diffraction spot was excited and the defect 
regions appear as split dark lobes with a line of no contrast perpendicular to the g vector 
(see Figure 39).  This type of localized strain field was studied by Ashby and Brown [77] 
to develop a theory correlating the size of cobalt precipitates in copper to the strain field 
size and has been observed in various other materials such as InAs quantum dots in GaAs 
[78] [79], precipitates in Al-Sc alloys [80], precipitates in Al-Mg alloys [81] and defect 
clusters in irradiated materials (tantalum) [82].  In Figure 40 the changes in strain induced 




Kosogov et al. [79], and split-lobe strain contrast was observed by van Dalen et al.[80] in 
Al-Sc-Ti alloys (see Figure 41).    
 
Figure 39. The 1 wt. % SiO2, T=550 ⁰C specimen imaged with g along the [2̅01] 
direction showing split lobe strain contrast. 
 
 
Figure 40. Changes in strain induced contrast in InAs-GaAs quantum dots with increased 
annealing times. (a) as-grown sample (b) after 700 ⁰C anneal for 10 min. (c) after 700 ⁰C 






Figure 41. Two-beam bright field TEM image showing coherent strain-field contrast 
around precipitates for Al-0.06Sc-0.06Ti aged at 320 ⁰C for 24 h, g = [200],  [80] 
 
 The strain observed in TEM images of the films deposited at 550 ⁰C correlates 
with the X-ray diffraction (XRD) rocking curve (RC) data seen in Figure 26.  The 
crystalline quality of the films grown at 550 ⁰C were assessed by XRD rocking curves 
and a qualitative analysis of strain in the films with respect to deposition temperature and 
Si content was made by evaluating the (020) 2θ peak.  Symmetrical RC 2θ peaks indicate 
high quality epitaxial films, while shoulders indicate compressive (left side) or tensile 
(right side) in-plane film stress.  The 1 wt. % SiO2 had right hand shoulder peaks 
indicating tensile in-plane film stress, while the 0.025 wt. % had evidence of compressive 
in-plane film stress. The different nature of these types of strain correlates with the 
amount of Si likely to be incorporated into the β-Ga2O3 crystal cell. 




4.4.3. X-Ray Energy Dispersive Spectrometry (XEDS) 
 X-ray energy dispersive spectrometry (XEDS) was carried out with a Bruker 
system as part of the initial observation (before removal of the amorphous layer) to verify 
the identity of each layer because some samples were made on contact pads and e-beam 
Pt layers varied in thickness.  The most notable feature seen in the initial XEDS maps 
was the decrease in Ga intensity for the polycrystalline area of the film as seen in Figure 
42 for films grown at 450 ⁰C.  In Figure 43, the film grown at 550 ⁰C with 1 wt. % SiO2 
in the target, the epitaxial film does not show a change of Ga intensity.  Although the 
density is likely less for the polycrystalline material, just the change in scattering angles 
could reduce the signal intensity.  This could also be affected by sample orientation and 
the amorphous layer. 
 As the amorphous layer was removed and strain contrast was observed, the 
samples were re-evaluated by XEDS to determine if the location of Si could be correlated 
with the strain location.  A maximum pixel intensity spectrum of the film deposited at 
450 ⁰C using the 0.025 wt. % SiO2 target indicated that the Si intensity was never higher 
than the background intensity, indicating the Si content was below the detection limit.  
Line scans of both films grown using 1 wt. % SiO2 targets detected a change in the Si 






Figure 42.  XEDS maps  showing the a decrease in Ga intensity associated with the 
breakdown in epitaxial growth for (a) 450 ⁰C, 0.025 wt. % SiO2 and  (b) 450 ⁰C, 1 wt. % 
SiO2. The white spots on the HAADF images are beam marks  
 
Figure 43. XEDS map showing no change in Ga intensity associated with film growth for 
epitaxial growth at 550 ⁰C, 1 wt. %. The Ga intensity does not change at the 





 In Figure 44 the line scan of the 450 ⁰C, 1 wt. % SiO2 sample shows an increase 
of the Ga and O intensity at the interface and then a slow decline in intensity across the 
film as the scan approaches the Pt layer. The gradual decline in intensity is due to the 
gradual decrease in thickness of the sample (samples are thinnest near the Pt). This 
sample was Ar ion milled extensively so there is possibly an edge effect at the interface 
accounting for the intensity change at the interface.  The surface is rough so no 
conclusions can be drawn about the decrease in O intensity in the surface area other than 
to note that a Si layer was deposited on the surface may have reacted with the oxygen in 
the film.  
 In Figure 45 a line scan of a 550 ⁰C, 1 wt. % SiO2 sample detected an increase in 
the Si in the film from the background level in the substrate, however scans at increased 
magnification did not find a higher Si content associated with the areas of strain. 
 The secondary ion mass spectrometry (SIMS) depth profiles for films deposited at 
550 ⁰C (see Figure 27) indicate that the Si concentration was consistent throughout the 
layer thickness for films made with the 1 wt. % SiO2 and the 0.025 wt. % SiO2 targets. 





Figure 44.  A line scan of the film grown at 450 ⁰C, 1 wt. % SiO2 detected the presence of 
Si in the film and the SiO2 layer on the surface. (a) The HAADF image shows the 
location of the line scan and (b) the line scan across the film indicates the presence of Si 
and tracks the reduction of intensity of the Ga and O   
 
 
Figure 45. A line scan of a film grown at 550 ⁰C, 1 wt. % SiO2 detected an increase in the 
Si from the background level. (a) The HAADF image shows line scan location and (b) 






  The sample prepared with a wedge as seen in Figure 16 was evaluated with 
XEDS as it was being prepared and Si in the film was detected.  The green and yellow 
boxes seen in Figure 46 (a) are the same size resulting in spectra with the same intensity 
for all elements except Si in Figure 46 (b). The film clearly has an increased Si content. 
 
Figure 46.  (a) The HAADF image of the substrate and film showing the spectrum 
location areas. (b) A spectrum of each area identified by the green and yellow boxes. The 
red spectrum is the substrate and the blue is the film.  Si is detected in the film but not in 
the substrate 
 
4.4.4. High Resolution TEM  
 As the amorphous layer was effectively removed from the sample prepared with a 
wedge (see Figure 16), higher magnification scanning TEM images of the 1 wt. % SiO2, 
550⁰C film were attained as seen in Figure 47.  Clearly some defects can be observed in 
the crystal structure, however the exact relationship between Si in the structure and strain 




offer important information concerning the incorporation of Si into the film.  Diffraction 
patterns of the substrate and film (see Figure 48) detect changes in the crystalline cell that 
will need further investigation.    
 
 
Figure 47. A magnification scanning TEM image of the film grown with 1 wt. % SiO2 at 







Figure 48.  Diffraction patterns of (a) substrate and (b) film for sample grown with 1 wt. 










Chapter 5. Conclusions and Future Directions 
 The primary goal of this work has been to carry out a detailed TEM analysis of Si 
doped β-Ga2O3 thin films grown by PLD on native semi insulating Fe compensated (010) 
β-Ga2O3 substrates in order to study the quality of these homoepitaxial films and to 
analyze nanoscale features in the films.  To achieve this goal it was first necessary to 
produce TEM foils of sufficient quality for an in depth evaluation.  The practice of 
striving for foils with parallel sides was abandoned as the need for structural soundness 
near the thin areas came to light.  In order to achieve this the FIB cross-sectional samples 
were made with a wedge from side to side and a wedge from top to bottom with the 
thinnest area being in the top film on one side.  It was necessary to increase the thickness 
of the protective Pt layer and to modify the final polishing steps to remove FIB damage.  
The monoclinic β-Ga2O3 seemed particularly sensitive to final milling from a single 
direction and the quality of the foil was significantly increased by switching to a low 





 The TEM evaluation was able to confirm and provide insight into AFM surface 
roughness results and XRD RC qualitative strain evaluation findings. In addition, XEDS 
results correlated with SIMS results.    
 The TEM analysis clearly identified the response to stress due to the introduction 
of SiO2 into the β-Ga2O3 films. At 450 ⁰C, the Si incorporation led to stress that caused 
breakdown in morphology leading to surface roughness and degraded electrical transport 
properties. The lower Si concentration in the film led to a more gradual breakdown in 
morphology while the higher Si concentration caused an immediate breakdown in 
morphology at growth onset.   
 At 550 ⁰C the Si incorporation for the lower Si concentration was localized at the 
substrate-film interface and was combined with the nucleation of dislocations, while at 
higher levels of Si strain was strongly localized in the form of defect clusters that 
occurred throughout the film.  This is the first observation of split lobe strain contrast in 
β-Ga2O3 films associated with the Si dopant. The XEDS results detected an increase in Si 
content of films made with the 1 wt. % SiO2, target compared to the substrate, however, 
XEDS was not able to positively identify the presence of Si at the strain location. 
 A sufficient quality of TEM foil was achieved so that further HRTEM studies can 
be carried out and anomalies in the diffraction patterns of the more heavily doped films 
suggest that more information concerning Si incorporation into the crystal lattice could be 
determined. A preliminary analysis of lattice parameters was carried out and, with the 




 Understanding the effects of the Si dopant is important in controlling the carrier 
concentration in epitaxial β-Ga2O3 thin films progressing toward high mobility films that 
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